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Abstract
We study the effect of bulk fermions on electroweak precision observables in a recently proposed
model with warped extra dimensions and no custodial symmetry. We find that the top-quark mass,
together with the corrections to the ZbLb¯L vertex and the one-loop contribution to the T parameter,
which is finite, impose important constraints that single out a well defined region of parameter space.
New massive vector bosons can be as light as ∼ 1.5 TeV and have large couplings to the tR quark,
and suppressed couplings to the tL, bL and lighter quarks. We discuss the implications for searches of
models with warped extra dimensions at the LHC.
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I. INTRODUCTION
Models with warped extra dimensions [1] are excellent candidates for physics beyond the
Standard Model. They solve the hierarchy problem, provide a rationale for the observed flavor
structure, and can potentially give striking signatures at the LHC. Besides, they are weakly cou-
pled duals of strongly coupled four-dimensional (conformal) theories and can therefore provide
an intuition and quantitative predictions for models of strong electroweak symmetry breaking
(EWSB).
Models based on a purely AdS5 background and a minimal field content are strongly con-
strained by electroweak precision tests (EWPT). In particular, large contributions to the Peskin-
Takeuchi T parameter [2] can easily push the scale of new physics beyond the reach of the
LHC [3]. The large top mass requires the third generation SU(2)L quark doublet (as well as
the top singlet) to be relatively close to the infrared (IR) brane. When the light generations
are localized near the ultraviolet (UV) brane, this can lead to large corrections to the ZbLb¯L
coupling, which also impose important restrictions. A common solution invokes a custodial
symmetry [4], and a benchmark model of anarchic warped extra dimensions was proposed in
Ref. [5] (see [6] for alternatives). In that model, the S parameter –together with the one-loop
fermion contributions to T and the ZbLb¯L coupling [7], which are calculable in such models–
imposes the strongest constraint: the new vector bosons should be heavier than 3−4 TeV. 1 The
couplings of the quarks to these Kaluza-Klein (KK) vector bosons in the previous benchmark
model were taken to be
gtR ∼ 5gSM , gtL , gbL ∼ gSM , gq ∼ −gSM/5 , (1)
where q represents any of the light Standard Model (SM) fermions and gSM represents a typical
SM couplings. The conclusion of LHC reach studies is that the gauge KK resonances are difficult
to see at the LHC, mainly due to their large width and reduced production cross section, the
latter resulting from the small coupling to valence quarks [5, 9]. Luckily, this benchmark model
comes with another characteristic signature: light vector-like fermions (fermion custodians) [10],
that are much easier to see at the LHC [11] (see [12] for an overview).
It has been recently suggested [13] that a departure from pure AdS5 near the infrared brane
1 If one gives up on the anarchy assumption, the constraints can be significantly relaxed [8].
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can substantially decrease the T parameter (and, although by a smaller amount, also the S
parameter, as was previously observed in [14, 15]). The authors of [13] proposed a model in
which the reduction of the T and S parameters is so effective that new vector bosons with
masses below 1 TeV are compatible with the EWPT without the custodial symmetry. The
analysis in [13] assumes, however, that all fermions are localized on the UV brane. This is an
excellent approximation for the light generations but not for the third one.
We extend the previous study by incorporating bulk fermions and describing their effects
on EWPT once the top and bottom masses are reproduced. This is important for a number
of reasons: first, without the custodial symmetry the ZbLb¯L coupling is not protected [4] and
can impose significant constraints on the model; second, the loop-level contributions to the
EW observables are expected to be strongly dependent on the localization of the third family
of quarks, and can also impose significant constraints; finally, the collider implications of the
model depend crucially on the localization of the third generation quarks. Nevertheless, we find
that the signatures associated with the region of parameter space favored by the EW precision
constraints are still characterized by Eq. (1), although lighter resonances than in the AdS5
background may be allowed.
The outline of the paper is as follows. We introduce the model in Section II and discuss
bulk fermions in Section III. The EW constraints of the model are investigated in Section IV
and its collider implications in Section V. We conclude in Section VI.
II. A WARPED MODEL WITHOUT CUSTODIAL SYMMETRY
The model under consideration represents a departure from AdS5 in the infrared. We simply
summarize in this section the main results for the gravitational background and the bosonic
field content, while referring the reader to [13] for full details. We will then introduce bulk
fermions in the model and discuss their effects on the EWPT. The gravitational background is
given by the metric
ds2 = e−2A(y)ηµνdx
µdxν − dy2 , (2)
with warp factor
A(y) = ky − 1
ν2
log
(
1− y
ys
)
. (3)
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The extra dimension is bounded by two branes: the UV brane, localized at y = 0, and the IR
brane, localized at y = y1. The warp factor would vanish at ys but we will always consider
parameters such that this metric singularity remains hidden behind the IR brane (ys > y1).
The gravitational parameters are therefore ν, y1, ys and k (the curvature scale at the UV
brane, of the order of the Planck mass) which is assumed to set the scale of all dimensionful
5D quantities. We will trade ys for the value of the curvature radius at the IR brane, given in
units of k by
kL1 =
ν2k(ys − y1)√
1− 2ν2/5 + 2ν2k(ys − y1) + ν4k2(ys − y1)2
. (4)
Requiring perturbativity of the gravitational expansion bounds its value by kL1 & 0.2 [13].
The position of the IR brane, y1, can be fixed by requiring the gravitational background to
generate the MP/TeV hierarchy. We will simply set A(y1) = 35, which determines y1.
The bosonic content of the model consists of the SM gauge fields, with Neumann boundary
conditions (BC) on both branes, and an electroweak scalar doublet, the Higgs. Other scalars
involved in the gravitational background and the stabilization of the interbrane distance [13] are
irrelevant for this discussion, although their phenomenology, in particular that of the radion,
can be interesting. The bulk gauge bosons can be expanded in KK modes (we focus on the µ
component here, which is the relevant one for EWPT and collider implications):
Aµ(x, y) =
1√
y1
∑
n
fAn (y)A
(n)
µ (x) , (5)
where the profiles satisfy
[
∂ye
−2A∂y +m
2
n
]
fAn = 0 , ∂yf
A
n
∣∣
y=0,y1
= 0 , (6)
(we treat EWSB perturbatively), and are normalized according to
1
y1
∫ y1
0
dy fAn f
A
m = δnm . (7)
The boundary conditions fix the value of the KK masses. They are of the order of the effective
IR scale
k˜eff ≡ A′(y1) e−A(y1) , (8)
i.e. of order the warped down curvature at the IR brane. We show in Fig. 1 the mass of the
first gauge KK mode, in units of k˜eff , for different values of ν and kL1.
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FIG. 1: Mass of the first gauge KK mode in units of the effective IR scale k˜eff , defined in Eq. (8), as
a function of ν and for different values of kL1.
For the Higgs field we can write
H(x, y) =
1√
2
eiχ(x,y)

 0
h(y) + ξ(x, y)

 , (9)
where the Higgs KK expansion reads
ξ(x, y) =
1√
y1
∑
n
f ξn(y)ξ
(n)(x) , (10)
and the wavefunctions are normalized to
1
y1
∫ y1
0
dy e−2Af ξnf
ξ
m = δnm . (11)
For a light Higgs we can assume that the Higgs vacuum expectation value (vev) is carried by
the zero-mode, which has a profile
f ξ0 (y) ≈ Nh eaky, (12)
with Nh fixed by the normalization condition (11). Following [13] we trade a for
δ ≡
∣∣∣∣e−2(a−2)kyskys[−2(a− 2)kys]−1+ 4ν2 Γ
(
1− 4
ν2
,−2(a− 2)k(ys − y1)
)∣∣∣∣ , (13)
which is a measure of how much fine-tuning in the 5D parameters we need to impose in order
to preserve the Randall-Sundrum solution to the hierarchy problem [1].
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In summary, we have two free parameters for the gravitational background, ν and kL1; and
one for the Higgs background, δ. However the EWPT are quite insensitive to the latter so we
will simply fix δ = 0.1 in the following.
III. BULK FERMIONS
We introduce now bulk fermions in the model. The quadratic part of the action for bulk
fermions reads
S =
∫
d4x dy e−4AΨ
[
eAi✓∂ + (∂5 − 2A′)γ5 −M
]
Ψ , (14)
where M is a 5D Dirac mass allowed by the symmetries. Following the standard procedure we
expand the bulk fermions in KK modes
ΨL,R(x, y) =
1√
y1
∑
n
fL,Rn (y)ψ
(n)
L,R(x) , (15)
where we have defined the 4D chiralities ΨL,R =
1
2
(1 ∓ γ5)Ψ, and the KK profiles satisfy the
following system of equations:
[∂y − (2A′ +M)] fRn = −eAmnfLn ,
[∂y − (2A′ −M)] fLn = eAmnfRn , (16)
with the ortho-normality conditions given by
1
y1
∫ y1
0
dy e−3AfLn f
L
m =
1
y1
∫ y1
0
dy e−3AfRn f
R
m = δnm . (17)
Bulk fermions with a left-handed (LH) zero-mode are obtained by imposing Dirichlet boundary
conditions for their right-handed (RH) chirality on both branes. Such bulk fermions will be
denoted as “[++] fermions”. The boundary conditions for the opposite, LH, chirality are fixed
by the equations of motion. Similarly, bulk fermions with a RH zero-mode are obtained by
imposing Dirichlet boundary conditions on their LH chirality, and will be denoted as “[−−]
fermions”. The LH (RH) massless profile of a [++] ([−−]) bulk fermion is given by
fL,R0 (y) = N
L,R
0 e
2A∓
∫ y
0 dy
′M(y′) , (18)
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FIG. 2: Value of the localization parameter, c1/2, that makes a LH fermion zero-mode mostly delo-
calized, as a function of ν and for different values of kL1.
where NL,R0 is fixed by the normalization condition. In the following we will consider a constant
bulk mass Mi = cik, where i denotes the fermion type.
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In the present metric background there are no exactly flat fermion solutions, unlike for a pure
AdS5 background, ARS(y) = ky, with a constant 5D Dirac mass defined by c = 1/2. However,
the c parameter does control the localization of the fermion zero-modes, either towards the IR
or UV brane. In particular, there is always a background-dependent value, c1/2, such that for
c < c1/2, the (LH) fermion zero-mode is mostly IR localized, while for c > c1/2 it is mostly UV
localized. This value plays a role analogous to c = 1/2 in the pure AdS5 background. In Fig. 2
we show the value of c1/2, defined such that e
− 3
2
A(0)fL0 (0) = e
− 3
2
A(y1)fL0 (y1) (see Eq. (24) and
footnote 5), as a function of the input parameters ν and kL1 (see also Fig. 7).
Let us now discuss the couplings of the fermion zero-modes to the Higgs and gauge boson
KK modes in this model. The gauge couplings are given by
L ⊃ g5
∫
dy e−3AΨ✓AΨ =
∑
mnr
g5√
y1
∫
dy e−3A
fLn f
L
mf
A
r
y1
ψ
(n)
L ✓A
(r)ψ
(m)
L + (L→ R)
≡
∑
mnr
gLnmrψ
(n)
L  A
(r)ψ
(m)
L + (L→ R) , (19)
2 In the limit in which ys → y1 there could be problems of strong coupling similar to the ones present in
soft-wall models [15], and a y−dependent mass term might be necessary [16] (see [17] for other realizations
of flavor in soft-wall models).
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whereas the Yukawa couplings can be computed from
L ⊃ Y5
∫
dy e−4A Q¯LH UR + (L↔ R) (20)
=
∑
mn
Y5√
y1
∫
dy e−4A
f
Q(n)
L f
(0)
ξ f
U(m)
R
y1
q¯
(n)
L h u
(m)
R + (L↔ R) + · · · ≡ λLRmn q¯(n)L h u(m)R + · · · ,
where we have defined h ≡ ξ(0)(x). The 5D gauge coupling can be fixed by matching the
coupling of the gauge zero-mode to the observed 4D coupling. Assuming a tree-level matching
this gives
g5 =
√
y1 g4 . (21)
For the 5D Yukawa coupling, Ref. [18] finds, based on NDA [19], that its maximum value is
given by
Y5 ≤ Y max5 ≈
4pi√
3k
, (22)
which corresponds to strong coupling at a scale of the third KK level. We plot in the left panel
of Fig. 3 the Yukawa coupling between the zero-modes of a [++] fermion Q, and a [−−] fermion
T , assuming Y5 = Y
max
5 , as a function of a common localization parameter c = cQ = −cT . In the
right panel we show the coupling of a LH fermion zero-mode to the first two gauge boson KK
modes divided by the coupling to the gauge boson zero-mode (assuming tree level matching)
as a function of c. We have chosen ν = 0.4, and kL1 = 0.2 in both plots. We see the change
of behavior around c1/2 ≈ 0.93, which corresponds to the most delocalized zero-mode fermion
profile (see Fig. 2).
For c & c1/2, we see that the Yukawa coupling becomes exponentially suppressed. Further-
more, in the same region the coupling to the gauge boson KK modes becomes almost universal
(i.e. independent of c). Thus, as for the pure AdS5 case, the assumption that the light fermions
are exactly localized on the UV brane is an excellent approximation (as far as EWPT are
concerned) in these models.
IV. ELECTROWEAK CONSTRAINTS
If flavor is explained by means of localization in the extra dimension, the effects of new
physics in models with warped extra dimensions are almost universal and can therefore be en-
coded in the oblique parameters of [20], with the most important exception being the couplings
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FIG. 3: Left panel: Yukawa coupling, λ ≡ λLR00 , as a function of the bulk mass for cL = −cR = c and a
5D Yukawa coupling that saturates the maximum value given in Eq. (22). Right panel: coupling of a
LH fermion zero-mode to the first two gauge boson KK modes in units of g0 ≡ g5/√y1. In both cases
we have taken ν = 0.4 and kL1 = 0.2, which lead to maximally delocalized fermions for c ≈ 0.93.
of the bottom quark. This can be most easily seen with holographic methods. However, the
collider implications of these models are easier to understand if we discuss how the corrections
are generated in the physical basis (i.e. the KK-basis). A general discussion of EWPT in mod-
els with warped extra dimensions and the equivalence of different methods to compute them
is given in [21]. Here we follow the equivalent notation in [13] to make the comparison easier.
Before presenting the detailed EW precision analysis, we comment on the calculability of such
effects in the present class of models.
A. Calculability
As already emphasized, the present class of models does not have a custodial symmetry to
protect the Peskin-Takeuchi T parameter, nor the corrections to certain gauge-fermion cou-
plings. As a result, it is possible to write a term in the bulk that violates the custodial
symmetry, L5 ⊃ (κ/Λ3) |H†DMH|2, where we wrote the coefficient in units of the 5D cutoff,
Λ. The dimensionless factor, κ, is UV sensitive. However, when the Higgs propagates in the
bulk, the 1-loop contributions are finite by power-counting. To see this, it is simplest to use a
normalization where the gauge bosons, WM , have mass dimension 1 [we write the kinetic term
as (−1/4g25)W aMNW aMN ]. Then, the contributing diagrams are simply proportional to g45 or
9
FIG. 4: Examples of radiative corrections to the oblique parameters, as well as to the non-oblique
vertex corrections. The most important contributions arise from the top KK-tower in the loop. Upper
row, left to right: one-loop contributions to T , S and δgbL , respectively. Lower row: examples of the
corresponding two-loop contributions.
y45, where both the 5D (top) Yukawa coupling, y5, and the 5D gauge coupling have mass di-
mension −1/2. (We show in the upper-left corner of Fig. 4 an example diagram with a fermion
loop.) It follows that the piece proportional to ηµν in the loop integral has mass dimension −1,
and therefore it is IR dominated. Subtracting the zero-mode contribution, the remainder is
controlled by the scale k˜eff . At two-loop order, an example of which is shown in the lower-left
corner of Fig. 4, the diagram is logarithmically divergent by power counting.
A similar point has been made in connection to the S-parameter when the Higgs is taken
as a bulk field.3 The middle diagram in the upper row of Fig. 4 is finite, while at 2-loop
order a logarithmic UV sensitivity is encountered (e.g. in the middle diagram of the lower row
of Fig. 4), corresponding to the bulk operator H†σaHW aMNB
MN . Similar remarks apply to
“vertex corrections” of the form (H†DMH)(ΨΓ
MΨ) or (H†σaDMH)(ΨΓ
MσaΨ). Examples of
1- and 2-loop contributions to these vertex corrections are shown in the right column of Fig. 4.
We also note that operators localized on the branes (corresponding either to T , S or δgbL) can
be induced only at three (and higher-order) loop order.
We conclude that just allowing the Higgs to propagate in the bulk can make the oblique
parameters effectively calculable: the incalculable pieces associated with the 5D local operators
above are suppressed compared to the finite, one-loop contribution roughly by MKK/Λ. In the
3 K. Agashe, private communication. See also [8].
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particular models studied here, the localization properties of the Higgs, to be discussed in the
next subsection, imply that the couplings of the Higgs to the KK fermion or gauge states are
suppressed compared to the situation in an AdS5 background. In fact, for the favored region of
parameter space such couplings are well in the perturbative regime (thus resembling more closely
the case of flat rather than typical warped extra-dimensions). However, although higher-order
contributions due to Yukawa or weak gauge couplings can be expected to be further suppressed,
there remains some uncertainty associated with higher order QCD contributions. As we will see
in detail below, one of the effects of the departure from AdS5 of the gravitational background
is to push the KK modes closer to the IR brane. This effect increases the coupling among KK
modes, thus reducing the scale of strong coupling in the QCD sector. This is reminiscent of
the position dependent cut-off in soft-wall models [14, 15], and affects the EW observables at
two-loop and higher order.4 Nevertheless, we find that the finite one-loop contributions to the
EW observables –especially to T– can be significant, and therefore one should not neglect such
radiative effects. To get a concrete idea about their impact on the EW fit and the resulting
bounds on the KK scale, we will assume that the QCD strong coupling scale is high enough to
make the 5D description a reasonable approximation. Furthermore we will assume that 2-loop
and higher-order QCD effects do not dramatically change the one-loop results. One should,
however, keep in mind that QCD effects may not be negligible.
B. The Oblique Corrections at Tree Level
We perform now a detailed analysis of the EW precision constraints in the class of models
without custodial symmetries under discussion. In this subsection we focus on the oblique
analysis at tree level (which was already performed in [13]), and in the next one we take the
most important non-oblique contribution into account, i.e. the correction to the ZbLb¯L coupling,
as well as the one-loop contributions. This will allow us to better understand the impact of
the various effects. Let us start with the gauge KK-modes. The effects of new physics can
be classified in three types: corrections to the gauge boson self-energies, to fermion-gauge
4 A smaller hierarchy in the spirit of the Little RS model [22] would reduce the tension with the low QCD
cut-off and increase the coupling of the KK-gluon to light quarks, thus having an important impact on collider
phenomenology.
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FIG. 5: Contribution to the coefficients αˆ, βˆ and γˆ of Eq. (24). The double line represents the tower
of massive gauge boson KK modes, the red squares the mixing between the gauge KK and zero-modes,
and the blue dot the coupling of the light fermions to the gauge KK modes.
couplings and to four-fermion interactions. Each of these effects is characterized by coefficients
denoted by αˆ, βˆ and γˆ, respectively. For the present case, only gauge bosons obeying Neumann
boundary conditions on both branes are relevant, in which case one has [13]
αˆ =
∫ y1
0
dy e2A(y)
(
Ωh(y)− y
y1
)2
,
βˆ =
∫ y1
0
dy e2A(y)
(
Ωh(y)− y
y1
)(
Ωf(y)− y
y1
)
, (23)
γˆ =
∫ y1
0
dy e2A(y)
(
Ωf (y)− y
y1
)2
.
The function Ω(y) is defined by 5
Ωi(y) ≡ 1
y1
∫ y
0
dy˜ ωi(y˜), ωi(y) ≡


e−2A(y)f 2i,0(y) , scalars
e−3A(y)f 2i,0(y) , fermions
, (24)
where fi,0(y) is the wave function for the scalar or fermion zero-modes (see previous sections).
With our normalization we have Ωi(y1) = 1. These coefficients are diagrammatically shown in
Fig. 5. The wavy double line represents the tower ofmassive gauge boson KK modes, resummed
in Eqs. (24). The blue dot represents the coupling of the SM fermions to the new vector bosons,
and the red square the mixing between SM and heavy gauge bosons through Higgs insertions.
The oblique parameters due to the KK physics can be written in terms of these coefficients as
Tˆ =
g′ 2v2
2
(αˆ− 2βˆ + γˆ) , (25)
Sˆ = g2v2(−βˆ + γˆ) , (26)
W = Y =
g2v2
2
γˆ , (27)
5 The ωi(y) are nothing but the (square of the) “physical wavefunction” profiles, i.e. the profiles with warp
factors taken out, as dictated by dimensional analysis (which just redshift all mass scales appropriately).
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FIG. 6: 95% CL lower bound on the mass of the first KK gauge boson, obtained from a tree-level
oblique analysis. We assume UV localized fermions and different values of the input parameters ν and
kL1. See text for details on the fit procedure.
where g and g′ are the SU(2)L and U(1)Y couplings, respectively, and v = 174 GeV is the
Higgs vev. These are related to the Peskin-Takeuchi S and T parameters [2] by αS = 4s2W Sˆ
and αT = Tˆ . We also include a Higgs contribution to S and T , given by [23]
∆S =
1
2pi
[
g(m2h/m
2
Z)− g(m2ref/m2Z)
]
, (28)
∆T = − 3
16pic2W
[
f(m2h/m
2
Z)− f(m2ref/m2Z)
]
, (29)
where
g(y) =
∫ 1
0
dx x(5x− 3) ln(1− x+ yx) , (30)
f(y) = y
ln c2W − ln y
c2W − y
+
ln y
c2W (1− y)
, (31)
and we take mref = 115 GeV in the fit.
We show in Fig. 6 the result of a fit to the oblique parameters when all fermions are assumed
to live on the UV brane for different values of the input parameters ν and kL1. We have used
an updated version of the code in [24], obtaining the bounds as follows. For fixed values of ν
and kL1 (i.e. for a fixed metric background), we compute the minimum of the χ
2, including
only the Z-pole observables,6 as a function of the Higgs mass (imposing the direct LEP bound
6 These are the 26 observables associated with the W mass (two measurements), the Z-line shape and lep-
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FIG. 7: Fermion zero-mode, Higgs and first gauge KK mode profiles,
√
ω(y) for ν = 0.4 and kL1 = 0.2.
of ≈ 114 GeV) and the value of the IR scale k˜eff . We then fix the Higgs mass to its value at the
minimum and compute the bound on k˜eff by requiring ∆χ
2 = 3.84 (95% CL for one degree of
freedom). The resulting value of the first gauge boson KK mode mass (see Fig. 1) is plotted as
a function of ν for different values of kL1. We see that masses as light as ∼ 1 TeV are allowed
for kL1 = 0.2 and ν ∼ 0.45. This plot reproduces the results presented in [13] up to small
differences (. 100 GeV), due to the different fit procedure.
The reason for the reduced lower bound on the mass of the gauge KK modes, compared to
the pure AdS5 background, despite the absence of custodial symmetry in the model, is easy
to understand. In the AdS5 case, the warp factor forces the gauge boson KK modes to be
localized close to the IR brane, where the Higgs is also localized. The large overlap then makes
the mixing between the gauge boson zero-mode and massive KK-modes large (the red square
in Fig. 5). The light fermions on the other hand are localized towards the UV brane and
therefore their coupling to the gauge boson KK modes (the blue dot) is typically small. This
is the reason for the usual enhancement of the Tˆ parameter (αˆ is proportional to the gauge
mixing squared) over the Sˆ parameter, and of Sˆ over W and Y . The departure from the AdS5
background has several effects that go in the right direction to improve the EWPT. The first
ton FB asymmetries (8), heavy flavor (6), effective sin2 θW (2), and 8 leptonic/strange quark polarization
asymmetries. We do not fit the SM parameters, but only those associated with the new KK physics.
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FIG. 8: Couplings of UV localized fermions to the first-level KK gauge bosons, in units of the zero-
mode gauge coupling. We show curves as a function of ν, and for different values of kL1.
is that the KK gauge bosons are more strongly localized towards the IR brane whereas the
Higgs, although localized towards the IR brane, reaches a maximum before the IR brane [the
“physical” Higgs wavefunction is given by
√
ωh(y) ≈ e−A(y) eaky, and the suppression near the
IR brane arises from the nearby singularity in A(y)]. This reduces, sometimes dramatically,
the gauge mixing through the Higgs vev, and therefore the contribution to the Tˆ parameter
(and somewhat less the Sˆ parameter). This effect can be observed in Fig. 7, in which we show
the “physical” profiles
√
ω of Eq. (24), for the Higgs, the first gauge KK mode, and for bulk
fermion zero-modes with three different values of the bulk masses. The maximum of the Higgs
profile before the IR brane is evident, together with the very strong localization of the first
gauge KK mode, leading to a reduced value of the relevant overlap integral.
The second effect of the warp factor is that the coupling of UV localized fermions to gauge
KK modes is reduced with respect to the standard AdS5 case. This further reduces the Sˆ
parameter (but will also have a negative impact on collider searches). In Fig. 8 we show the
value of the coupling of UV localized fermions to the first gauge boson KK mode (in units of
g0 = g5/
√
y1) for different values of ν and kL1. Only for small values of ν and large values of
kL1 does one approach the coupling of the AdS5 background. Note that for the values preferred
by the EWPT (see Fig. 6) this coupling is reduced to almost half the AdS5 value.
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C. The Effects of the Third Generation
Let us now consider the effect of the third quark generation. We consider three bulk fermion
fields with the following quantum numbers under the SU(2)L × U(1)Y gauge group and BC
Q = (2, 1/6) ∼ [++] , T = (1, 2/3) ∼ [−−] , B = (1,−1/3) ∼ [−−] , (32)
with localization parameters cQ, cT and cB, respectively. For fixed values of these localization
parameters we can choose the 5D Yukawa couplings so that the top and bottom masses are
reproduced. Due to the upper bound on Y5, the top mass cannot be generated if the Q and T
zero-modes are far from the IR brane. The LH bottom, which is in the zero-mode of Q, can
then receive large corrections to its couplings, from gauge and fermion KK modes. Anomalous
contributions to the ZbLb¯L coupling can therefore impose stringent constraints in warped models
without custodial protection. The general expression for the tree-level correction to the ZbLb¯L
coupling induced by the gauge boson KK modes is given in [21]. For our model it reads
δgbL = −
g2v2
2c2W
[
g2
2
+
g′ 2
6
]
(βˆQ − βˆUV ) , (33)
where the term proportional to βˆUV corresponds to the universal part that is absorbed in the
oblique parameters. To this we have to add the tree-level fermionic contribution, that we have
computed exactly by diagonalizing numerically the KK fermion mass matrix, and computing
the resulting coupling to the Z of the lightest mass eigenstate (the bottom quark). We will
consider the 1-loop effects separately.
In order to test the dependence of the constraints on the assumptions on the 5D Yukawa
coupling we have taken the following benchmark scenarios. For each value of ν and kL1 and
each value of cQ we fix cT so that the top mass is reproduced (including the effect of the mixing
with fermion KK modes) assuming that Y t5 = Y
max
5 (scenario 1). We note that, due to the
maximum of the Higgs profile, there is a fixed value of cT for which the overlap is maximal
and therefore the 5D Yukawa coupling is minimal. Therefore, we also consider the case that
Y t5 is the minimal one for which it is possible to reproduce the correct top mass (scenario 2).
Regarding the bottom sector, we consider three different scenarios by fixing the 5D bottom
Yukawa to Y b5 = Y
t
5 (scenario a), Y
b
5 = Y
t
5 /5 (scenario b), Y
b
5 = Y
t
5 /10 (scenario c).
Scenario a assumes exact anarchy whereas in the other two we allow for deviations between
different Yukawas.
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FIG. 9: Tree-level 95% CL lower bound on the mass of the first gauge KK mode as a function of
the localization of the LH top/bottom multiplet (cQ) for the six scenarios discussed in the text. We
fix ν = 0.4 and kL1 = 0.2. The lines end at the value of cQ beyond which the top mass cannot be
generated. For comparison we also show the result of the fit if the effects of third generation quarks
are neglected (horizontal “ST” line). The maximal delocalization is obtained for c ≈ 0.93 (see Fig. 2).
We have studied the tree-level effect of third generation quarks on EWPT by performing a
scan over ν and kL1. For each value of these parameters, we have computed the maximum value
of cQ that allows to generate the top mass (i.e. the furthest from the IR brane). We have then
scanned over the values of cQ smaller than this maximal value for the six different scenarios
(1a, 1b, 1c, 2a, 2b, 2c) described above. The fit has been performed as in the case of the gauge
contribution, described in the previous subsection, but including now the constraint from the
ZbLb¯L coupling described above. Fixing cQ and marginalizing over the Higgs mass, we find the
value of k˜eff that gives ∆χ
2 = 3.84, corresponding to 95% CL for one degree of freedom. In all
cases the preferred value of the Higgs mass is close to its current lower limit mh ≈ 114 GeV.
We show in Fig. 9 a sample result for ν = 0.4 and kL1 = 0.2. We display, based on a tree-level
analysis, the 95% CL lower bound on the mass of the first gauge KK mode as a function of cQ
for all six scenarios, and also the result of the fit when all fermions are localized on the UV
brane as considered in [13] (horizontal line denoted by ST in the plot). It is clear that the bound
is very sensitive to the value of the localization of the LH top/bottom doublet as expected for
a non-custodial model. The correction is smaller for a larger cQ (the LH top/bottom further
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FIG. 10: One-loop contribution to T , S and δgbL , as a function of cQ, in scenario 2c (see text). We
take ν = 0.4, kL1 = 0.2 and k˜eff = 1 TeV (which corresponds to MKK ≈ 2.3 TeV).
from the IR brane). The non-trivial result we find is that the top mass (just barely) allows cQ
to be large enough to make the corrections to the ZbLb¯L coupling negligible (the lines in the
figure end at the point of cQ beyond which the top mass cannot be generated). Unfortunately,
loop effects change this conclusion, as discussed below. The other property that is clear from
the plot is that exact anarchy (scenarios 1a and 2a) is extremely constrained by EWPT. The
reason is that the Yukawa couplings in the bottom sector are very large and the mixing with
the bottom KK modes induces very large corrections to the ZbLb¯L coupling. However, we see
that a suppression in the 5D bottom Yukawa by a factor of 5 is already enough to get the bound
on the scale of new physics reasonably low. We have also checked that the t¯Rγ
µbRW
+
µ coupling
is in these cases typically . 10−4 (in units of g/
√
2) and should therefore cause no trouble with
b→ sγ constraints [25] (a full analysis, including the fermion KK modes in the calculation, to
properly account for this constraint, is beyond the scope of this paper).
As mentioned in Subsection IVA, the 1-loop contributions to T , S and δgbL are finite (while
at two-loop order, they are logarithmically divergent). We have computed these one-loop effects
using the methods described in [7], and show a numerical example in Fig. 10. Here we have
taken a gravitational background with ν = 0.4 and kL1 = 0.2, and we have assumed scenario 2c
defined above, with k˜eff = 1 TeV. Recall that scenarios 2 are such that the 5D Yukawa coupling
is the minimal one that still allows to reproduce the top quark mass, for given cQ. In this sense,
these scenarios minimize the size of these one-loop effects, which are controlled by this coupling.
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FIG. 11: Left panel: 95% CL lower bound on the mass of the first gauge KK mode as a function of
the localization of the LH top/bottom multiplet (cQ) in scenario 2c, including one-loop effects. The
different lines correspond to different values ofmh, with the one marked as “mh at χ
2
min” corresponding
to marginalization over mh. The curves are terminated where the goodness-of-fit gives a 5% likelihood.
Right panel: comparison of the tree-level oblique, full tree-level, and tree-level plus 1-loop bounds on
MKK, assuming marginalization over mh. In all cases, we fix ν = 0.4 and kL1 = 0.2.
We see in the figure that the 1-loop contribution to the T parameter can be significant, and
imposes an upper bound on cQ that is stronger than the one coming from the top mass itself. By
contrast, the 1-loop contributions to S and δgbL are relatively small (in the figure we show 20×S
and 103 × δgbL). This constraint is in tension with the one due to the (tree-level) modification
of the ZbLb¯L coupling. We show in the left panel of Fig. 11 the resulting lower bound on the
KK-gluon mass corresponding to scenario 2c. The thick solid (blue) line corresponds to the
fit procedure used at tree-level, i.e. evaluating ∆χ2 = 3.84 with a Higgs mass that minimizes
the total χ2 (typically near the LEP Higgs bound). However, we also show the bounds on
the KK scale assuming other fixed values of the Higgs mass (as would be appropriate if a
Higgs of such a mass was actually discovered). We see from the thick solid blue curve that
–marginalizing over mh– a lower 95% CL bound of MKK ≈ 2.3 TeV is found for cQ ≈ 0.88. We
note that for this cQ one has χ
2
min/dof = 25.6/24 at (mh,MKK) = (114 GeV, 4.3 TeV), which
gives a goodness-of-fit with 37% likelihood. This results mainly from a compromise between
the (tree-level) δgbL and the 1-loop contribution to T . However, the black dot-dashed line
shows that for a heavier Higgs, with fixed mh = 500 GeV, a KK-gluon as light as 1.5 TeV
(1.4 TeV) would be possible, which corresponds to the 95% CL contour about a best fit point
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with χ2min/dof = 34/25 (χ
2
min/dof = 37.6/25) leading to a 10% (5%) likelihood. Thus, it may
be possible to have warped models with KK-gluons around 1.5 TeV that fit the EW data
reasonably well. As a summary plot that highlights the impact of the various contributions
to the EW observables discussed above, we show in the right panel of Fig. 11 the bounds on
the KK-gluon mass, as a function of cQ, for the EWPT fits at a) tree-level in the oblique
approximation [thin solid black line], b) full tree-level [dotted brown line] and c) tree level plus
1-loop [thick solid blue line]. In all cases we marginalize over mh, although as just pointed out
this may lead to an overly pessimistic conclusion in regards to how low MKK could actually be.
At any rate, it is clear from this figure that both the corrections to the ZbLb¯L coupling and the
one-loop effects play an important role in determining the allowed MKK.
We also point out that the models consistent with the EWPT up to 1-loop order, which have
a relatively low MKK, always have KK-fermion Yukawa couplings that are perturbative. For
instance, at the minimum of the solid thick blue curve in Fig. 11, with MKK ≈ 2.3 TeV, the 4D
Yukawa couplings of the form h Q¯
(n)
L t
(n)
R are all O(1), while the off-diagonal ones (i.e. coupling
different KK levels) are much less than one (becoming smaller the further apart the masses of
the two KK modes).7 This is a result of the suppression in overlap integrals associated with the
non-trivial profile of the Higgs field, much as in the KK-gauge/Higgs couplings illustrated in
Fig. 7. Thus, higher order (divergent) effects involving additional powers of Yukawa couplings
are expected to be suppressed. The most important effects that remain are associated with
QCD higher-order corrections, as mentioned in Subsection IVA. Thus, the above results should
be taken as an illustration of how light the KK resonances can reasonably be, as far as the EW
precision constraints are concerned.
These results have important implications for collider searches. First, the absence of custo-
dial symmetry implies a quite minimal spectrum of massive modes. In particular, very light
fermions [10, 11], natural in custodial models are not expected in the model under study. We
show in Fig. 12 the mass of the first fermion KK mode of a [++] field as a function of the
localization parameter c for different values of ν and kL1. These figures, together with Fig. 1
7 By contrast, scenarios 1 have diagonal 4D Yukawa couplings for the KK fermions of order 3− 4, and always
lead to a very large 1-loop contribution to T , unless MKK is above O(10 TeV). In such cases, higher-order
contributions associated with the Yukawa interactions may not be suppressed, and can have a large impact
on the EW analysis. Nevertheless, barring tuned cancellation between these and the UV contributions, one
expects that the KK resonances will be out of the LHC reach in such scenarios.
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FIG. 12: Mass of the first fermion KK mode for a [++] field in units of k˜eff as a function of its
localization parameter (with respect to the mostly delocalized value) for values of ν = 0.3, 0.4, 0.5,
0.6, 0.7 (top to bottom, left panel) and kL1 = 0.2, 0.3, 0.4, 0.5, 0.6 (bottom to top, right panel).
show that, in some cases, the first KK gluon can decay into a top (or bottom) and a heavy
fermion, although the latter are in this case much closer to threshold than in custodial models.
Channels with a heavy fermion of the first and second generations are also typically open: un-
der the anarchic assumption such decay channels are very suppressed, but they could be more
important in other scenarios for flavor. Second, masses lighter than previously considered in
models with warped extra dimensions (with semi-anarchic Yukawas) may be allowed by EWPT.
This result is very sensitive to the localization of the third generation quarks which determine
the coupling of the top and bottom quarks to the gauge KK modes, as well as the KK-fermion
Yukawa couplings. We show in Fig. 13 the couplings of the different quarks to the first KK
gluon in units of g0 = g5/
√
y1 for scenarios 2, with ν = 0.4 and kL1 = 0.2. We see that the
largest is the coupling to tRt¯R, followed by QLQ¯L and then to light quark pairs. Thus, the KK-
gluon decays dominantly into RH top pairs (or, perhaps, a channel involving one KK-fermion
and the associated zero-mode), bearing some resemblance to the scenario of Eq. (1). However,
the reduced couplings to the light quarks can make the discovery more challenging, for a given
MKK.
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FIG. 13: Couplings to the first gauge KK mode (in units of g0 = g5/
√
y1) of the third generation
LH quarks QL, RH top tR, RH bottom bR, and light quarks q, as a function of cQ, for scenario 2
(sub-scenarios a, b and c give similar results for the couplings). We fix ν = 0.4 and kL1 = 0.2. The
localization parameters cT , cB and the top and bottom masses have been fixed as described in the
text. The bR and q couplings are almost identical.
V. PHENOMENOLOGICAL IMPLICATIONS
In this section we present the main collider implications of some selected points in parameter
space. As we have seen in the previous section, the EW fit prefers models of type 2, which
always have the KK-gluons relatively strongly coupled to tR (see Figs. 11 and 13). Thus, the
tt¯ decay channel for the KK-gluon is always dominant. To illustrate the expected signal at the
LHC, we consider two models, as suggested by the analysis in the previous section.
The first one corresponds to scenario 2c with ν = 0.4, kL1 = 0.2 and cQ = 0.88. With
mh = 114 GeV, we find a χ
2/dof = 25.6/24, giving a likelihood of 37%. This fit is only slightly
worse than the SM one: the total χ2 is slightly reduced, but there is one additional degree of
freedom, corresponding to k˜eff . The KK gluon mass is
MKK ≈ 2.3 TeV (95% CL) . (34)
We also find that the first KK resonance of the third generation quark SU(2)L doublet has a
mass MQ ≈ 2.1 TeV, while the first KK resonance of the bottom SU(2)L singlet has a mass
MB ≈ 1.85 TeV. Both are sufficiently light for the decays G(1) → Q(0)L Q¯(1)L and G(1) → b(0)R B¯(1)R
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to be open. The corresponding couplings to fermion pairs are
gQL ≈ 1.95gs , gtR ≈ 4.63gs , gbR ≈ 0.02gs , gq ≈ −0.13gs , (35)
g
qL,Q
(1)
L
≈ 3.85gs , gbR,B(1)R ≈ 1.15gs , (36)
where we omitted the superscripts for the zero modes, and the first line refers to SM fermion
pairs. The first KK-resonance of the top SU(2)L singlet is heavier than the KK-gluon, so that
this channel is kinematically closed. However, the first KK resonances of all the remaining
SM fermions are lighter than the KK-gluon, and are therefore open as decays of the form
G(1) → q(0)q(1). Nevertheless, the relevant couplings are all significantly smaller than gs, so that
these are somewhat rare decays that, in spite of the multiplicity, do not change appreciably the
width of the KK-gluon. With the above couplings, we find that ΓG(1) ≈ 710 GeV, and that the
KK-gluon has the following branching fractions:
BR(G(1) → tt¯) ≈ 0.81 , BR(G(1) → bb¯) ≈ 0.12 , BR(G(1) → qq¯) ≈ 0.004 , (37)
BR(G(1) → t(1)L t) ≈ 0.02 , BR(G(1) → b(1)L b) ≈ 0.04 , BR(G(1) → b(1)R b) ≈ 0.01 , (38)
where in the last line both conjugate processes (e.g. G(1) → t(1)L t¯ and G(1) → t¯(1)L t) are under-
stood. The total G(1) production cross section is ∼ 24 fb (∼ 188 fb) at a CM energy of 7 TeV
(14 TeV).
The second model has instead cQ = 0.906 which, with mh = 500 GeV, leads to χ
2/dof =
34/25, giving a likelihood of 10% (still reasonably large). The KK-gluon mass is now
MKK ≈ 1.5 TeV (95% CL) , (39)
while the first KK resonance of the third generation quark SU(2)L doublet has a mass MQ ≈
1.3 TeV, and the first KK resonance of the bottom SU(2)L singlet has a mass MB ≈ 1.2 TeV.
The corresponding couplings to fermion pairs are
gQL ≈ 1.17 , gtR ≈ 4.62 , gbR ≈ −0.03gs , gq ≈ −0.13gs , (40)
g
qL,Q
(1)
L
≈ 3.16gs , gbR,B(1)R ≈ 1.15gs . (41)
Now we have ΓG(1) ≈ 390 GeV and the following branching fractions:
BR(G(1) → tt¯) = 0.83 , BR(G(1) → bb¯) = 0.05 , BR(G(1) → qq¯) = 0.005 , (42)
BR(G(1) → t(1)L t) ≈ 0.03 , BR(G(1) → b(1)L b) ≈ 0.06 , BR(G(1) → b(1)R b) ≈ 0.02 . (43)
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FIG. 14: tt¯ invariant mass distribution in the SM (red dotted), in the model with extra-dimensional
physics (solid blue) and the contribution of just the KK gluon exchange (dashed purple). The left
panel corresponds to a KK-gluon with MKK ≈ 1.5 TeV and the couplings of Eqs. (40)-(41). The right
panel corresponds to MKK ≈ 2.3 TeV and the couplings of Eqs. (35)-(36).
The total G(1) production cross section is ∼ 0.19 pb (∼ 1.3 pb) at a CM energy of 7 TeV
(14 TeV).
The BR’s in these models are relatively similar to the benchmark of Ref. [5], but with
lighter masses and reduced couplings to the light quarks. Note, however, that the first model
has a non-negligible branching fraction into bottom pairs, and that there are “exotic” channels
involving a KK fermion with BRs at the few percent level (in the case of the third generation;
for the first two generations the corresponding BRs are expected to be much smaller, although
the precise values depend on the details of how flavor is implemented).
We have implemented these models in MADGRAPH/MADEVENT v4 [26], using PYTHIA
6 [27] for hadronization and showering and PGS4 [28] for detector simulation. We use the
CTEQ6L1 parton distribution function, with the QCD renormalization and factorization scales
equal to the centralm2T of the event. We have then implemented the tt¯ CMS analysis of Ref. [29],
which we use to normalize our SM sample, generated by MG/ME, once we check that the shape
of the tt¯ invariant mass distribution is reasonably reproduced. We use this (re)normalization
factor for the signal + background, taking into account interference effects. We consider here
the semi-leptonic tt¯ channel, separating the e and µ channels [29]. We show in Fig. 14 the
expected tt¯ invariant mass distribution at the LHC, at the partonic level. The left (right) panel
corresponds to the second (first) model above at
√
s = 7 TeV (
√
s = 14 TeV). In both plots we
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represent the SM prediction with a red dotted line and the prediction of the model (including
the interference with the SM tt¯ contribution) in solid blue. Also, just to guide the eye, we show
the contribution assuming only the KK gluon exchange as a purple dashed line. Although the
lightest mass case shows a slight excess over background, these results suggest that extracting
the signal will be challenging.
VI. CONCLUSIONS
We have studied a recently proposed model in five dimensions with a warped background [13]
that can be consistent –from the point of view of EW precision constraints– with new gauge
boson resonances at about 1.5 TeV. This represents a significant reduction of the bound on
the new physics scale compared to fairly elaborate models based on AdS5 backgrounds. The
scenario is also relatively simple, with just the SM field content promoted to 5D, plus a new
“stabilizing” scalar field that is responsible for the all-important deviation from AdS5 near
the IR brane. A simple way to understand the relaxation of the bound can be obtained by
considering the localization of the relevant fields: the gauge boson KK modes are strongly
attracted towards the IR brane, while it is still possible to accommodate a profile for the Higgs
field that, although mostly IR localized (so that the RS solution to the hierarchy problem is
preserved), attains its maximum before reaching the IR brane. As a result, any overlap integral
that involves the Higgs and the (first) gauge or fermion KK modes can be dramatically reduced
compared to cases where all the fields are localized within a distance of order 1/k from the IR
brane, as happens in the AdS5 background. Since the deviations from the SM are determined
by such overlap integrals (and the scale of the new resonances), lighter states can be allowed.
Here we have extended the study in Ref. [13] to the case where the SM fermions can be arbi-
trarily localized along the extra-dimension, which allows to understand the SM flavor structure
as arising from the localization of fermion fields. We point out that reproducing the observed
top quark mass, which requires the top quark to be localized sufficiently close to the IR brane,
can result in significant constraints from anomalous contributions to the ZbLb¯L coupling, be-
yond the constraints from the oblique parameters considered in Ref. [13]. This is a direct
consequence of the absence of any custodial protection [4] together with the “anarchical” ex-
planation of flavor. In addition, we find that the 1-loop corrections to the EW observables,
which are finite in these scenarios, strongly restrict the allowed region of parameter space. In
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particular, a tension between the (tree-level) corrections to the ZbLb¯L coupling and the 1-loop
contribution to the Peskin-Takeuchi T -parameter, strongly constrains the localization of the
third generation quarks and the resulting 95% CL bound on the KK scale. Nevertheless we find
that for an optimal top/bottom SU(2)L doublet localization, and when the 5D bottom Yukawa
coupling is a factor of a few smaller than the top one, the KK-gluons can be as light as 1.5 TeV
if the Higgs is heavy, with the likelihood inferred from the EW fit still being reasonably large.
However, if the Higgs mass is allowed to float in the fit, one finds a 95% CL lower bound of
MKK ≈ 2.3 TeV,
A KK-gluon mass of about 1.5 TeV can open the exciting possibility that the Randall-
Sundrum solution to the hierarchy problem, based on warped compactifications, and with a
bulk SM field content, could lead to observable resonances at the LHC with lower luminosities
than previously thought. Compared to the widely studied AdS5 framework, the result arises
from two opposing effects: the previously mentioned strong localization of the gauge boson
resonances towards the IR brane implies a reduction of its couplings to the light fermions, thus
leading to a suppression in production. This can be compensated by the lower allowed mass of
the gauge KK modes. However, we find that discovering such a resonance in the dominant tt¯
channel is likely to be challenging. Boosted top techniques and a very detailed knowledge of the
tt¯ tail will likely be required to discover these modes. We also find that, unlike in the case of an
AdS5 background without the custodial symmetry, the present class of models allows for the
production of single KK-fermion resonances of the SM fields, in KK-gluon decays. Although
these decay channels are likely subdominant (in particular, they do not dramatically change
the KK-gluon width), they may provide an interesting handle on the fermionic resonances.8
Nevertheless, rather high luminosities are likely necessary. One should recall, however, that we
are working under the (semi-)anarchic assumption of flavor. If the light families are closer to
the IR brane (with a correspondingly smaller 5D Yukawa coupling) the production cross section
can be larger, and relatively light spin-1 resonances in the 1-2 TeV range could be more readily
observed at the LHC.
8 Note that in models with custodial symmetry, fermion custodians are expected to be in general lighter and
these channels are likely to be more relevant [32, 33]. The discovery of new fermions with exotic charges, like
Q = 5/3 [10, 11], would in any case be a clear smoking gun of custodial models.
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